When the articulatory closure of an utterance-initial English stop consonant is released, a brief burst of noise is commonly generated before voicing starts. This release burst has been the focus of attention in a number of acoustic and perceptual studies.
When the articulatory closure of an utterance-initial English stop consonant is released, a brief burst of noise is commonly generated before voicing starts. This release burst has been the focus of attention in a number of acoustic and perceptual studies.
Although the articulators not directly involved in the occlusion typically assume positions for the follOwing vowel (or other segment) before the closure is released, the release burst prOVides nevertheless the most direct acoustic manifestation of . consonant place of articulation. (The closure period itself is either silent or filled with low-amplitude voicing that conveys some, but not very salient, place of articulation information: see Barry, 1984 .) Following earlier acoustic analyses by Halle, Hughes, and Radley (1957) and Zue (1976) , among others, Stevens and Blumstein (1978) claimed that the spectrum computed at the stop consonant release contains invariant (i. e., context-independent) properties reflecting the different places of articulation. They
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17 1988 supported this claim with both acoustic analyses (Blumstein & Stevens, 1979) and perceptual data (Blumstein & Stevens, 1980) . The onset spectra of English Ib,d,gl preceding various vowels were computed over a 26-ms time Window that usually included the beginning of vOicing as well as some formant movement. The typical labial. alveolar. and velar onset spectra (with high-frequency preemphasis) were characterized as diffuse-falling or flat. diffuse-rising. and compact. respectively. Visual classification of onset spectra according to these global characteristics was not perfect. however-about 85% correct (Blumstein & Stevens. 1979) . Although these authors emphasized the relative suffiCiency of static spectral properties for identifying place of articulation. more recent studies have focused on their relative insufficiency and on the need to supplement them with information about dynamic spectral change (Kewley-Port. 1983 : Lahiri. Gewirth. & Blumstein. 1984 : Suomi. 1985 . Even so. classification accuracy in these studies improved by only a few percentage points.
Several perceptual studies have investigated human listeners' ability to identify stop consonant place of articulation from the release burst. presented either in isolation or followed by some vocalic context with or Without formant transitions. Some of these studies used synthetic speech in which the bursts had a single spectral peak and therefore may not have approximated the information content of natural release bursts (cf. Syrdal. 1983) . Nevertheless. classic research at Haskins LaboratOries (Liberman. Delattre. & Cooper. 1952) has shown that such synthetic noise bursts provide sufficient cues for some stop consonants preceding some steady-state vowels. but also that identical bursts often lead to different place of articulation percepts in the context of different vowels. The perceptual contribution of various synthetic release bursts in combination with vowels containing formant transitions was investigated later by Hoffman (1958) . More recently. Blumstein and Stevens (1980) compared place of articulation perception in synthetic CV syllables with and without bursts intended to be optimal for Ib.d,g/. and found that the burst enhanced identification accuracy. especially for Igl and Id/. (However. Syrdal. 1983 . has pointed out that this comparison was confounded with differences in overall stimulus duration.) Their study included stimuli conSisting only of the burst plus a single glottal pulse. whose identification was almost as good as that of full synthetic syllables (about 85% correct overall). except for I gil. which reqUired longer stimulus durations.
More directly relevant to the present investigation are perceptual studies that used bursts edited from natural speech. Some authors (Halle et al.. 1957 : Malecot. 1958 : Winitz, Scheib. & Reeds. 1972 ) employed released VC syllables. so that the burst occurred in utterance-final position and essentially in the context of a neutral follOWing vowel. Listeners' identification of place of articulation from such release segments presented in isolation was in the vicinity of 80% correct. The releases were also found to prOVide important cues to place identification in full VC syllables (Malecot. 1958) . Other researchers (Cole & Scott. 1974 : Just. Suslick. Michaels. & Shockey. 1978 : Winitz et al.. 1972 presented listeners with natural-speech "bursts" that. according to a liberal definition. included both the release burst proper and all the following aspiration of initial Voiceless aspirated stops. Intelligibility of these fairly long stimuli ranged from about 90% correct when cross-spliced onto different vowels (Cole & Scott. 1974 ) to about 75% correct in isolation or with 100 ms of the original vowel follOWing (Winitz et al.. 1972) to 83% correct in combination with steady-state vowels (Just et al.• 1978) . When Just et al. (1978) replaced the aspiration with silence. listeners' performance fell to 61% correct. (See also Schatz. 1954 .) Dorman. StuddertKennedy. and Raphael (1977) cross-spliced bursts of voiceless unaspirated stops among different vocalic contexts and showed that the contribution of the burst to place of articulation perception was inversely related to the contribution of the vocalic formant transitions. They also prefixed VC syllables with initial bursts excerpted from CVC syllables and showed that. in general. the burst alone was not suffiCient to permit very accurate initial consonant identification. They did not present the release bursts in isolation. however. This was done by Ohde and Sharf (1977) who obtained nearly perfect identification for stops from li,u;3/ contexts. A gating technique was employed by Tekieli and Cullinan (1979) with a variety of natural CV syllables. Identification of stop consonant place of articulation from the initial 10 ms was only about 60% correct.
In a similar gating experiment employing only Ib,d,gl in five vocaliC contexts, KewleyPort, Pisoni, and Studdert-Kennedy (1983) obtained a higher score of 83% correct for the initla1lO-ms segments.
These various studies display considerable variation of identification scores reflecting different procedures and stimulus materials. Nevertheless, they show that stop consonant release bursts are perceptually important and contain conSiderable. though not entirely suffiCient, place of articulation information even in isolation. They also contain information about the following vowel. however. Acoustic analyses (e.g., Zue, 1976) have shown that the energy maximum in release burst spectra varies systematically with the follOwing vowel. Velar bursts, in addition, exhibit a duality of acoustic structure reflecting the relative shift in place of articulation preceding front and back vowels (see also Dorman et al., 1977; Suomi, 1985) . Winitz et al. (1972) showed that listeners could identify li.a,ul with good accuracy from the full aperiodiC portion of voiceless aspirated natural stops. Ohde and Sharf (1977) also included voiceless unaspirated stops and found 73% correct li,u,S"! identification. Working with a larger sample of vowels follOWing natural aspirated stops, Cullinan and Tekieli (1979) showed that the gated initial 10-30 ms of the syllables contained much information about the front-back vowel distinction. less about vowel height, and least about the tense-lax feature. Release bursts thus typically convey both consonant and vowel information. due to anticipatory coarticulation of the vowel with the consonant.
In all this research. release bursts were treated as unitary acoustic segments corresponding to the aperiodic portion of initial stop consonants. Fant (1960 Fant ( . 1973 . however, noted long ago that they consist of three distingUishable phases: an initial transient. a.frtcative segment. and an aspirative segment. The transient represents the response of the vocal tract to the impulse of the sudden pressure release; the fricative segment results from turbulence generated at the constriction while it is still narrow; and the aspirative segment reflects a glottal noise source that replaces the frication as the constriction is Widened. These phases overlap in natural speech and cannot be easily separated in the waveform. Existing methods of acoustic analysis may also lack the reqUired temporal resolution, although the new method of Wigner distribution analysis is promising in that regard (see Garudadri. BenguereI. Gilbert, & Beddoes. 1986; Wokurek. Kubin. & Hlawatsch. 1987) .
It is likely that even within the short time span of a 10-30 ms release burst there is considerable acoustic structure and dynamic spectral change. As the oral constriction widens rapidly. the release burst becomes increasingly "vocalic" and less "consonantal." The most consonantal part then should be the initial release transient. which represents the impulse response of the vocal tract to the sudden pressure release (the "explosion"). As Maeda (1987) has pointed out. this sound has a "coherent source" (I.e., its waveform and spectrum can be predicted precisely if the acoustic and aerodynamiC conditions are known). as opposed to the stochastic noise sources of frication and aspiration. According to acoustic theory. the spectrum of the transient should contain peaks reflecting the vocal tract resonances immediately after the release. Since the excitation is so brief and uniform, the transient provides essentially an acoustic snapshot of the vocal tract. The sound will take a certain time to decay. however, and the initial widening of the constriction may be reflected in spectral changes dUring the decaying portion of the transient. Nevertheless, if more extensive spectral change is needed for a listener to identify stop consonant place of articulation accurately (Kewley-Port, 1983; Kewley-Port et al., 1983; Lahiri et al., 1984) , the transient by itself may not provide sufficient information. On the other hand, to the extent that static onset spectra have characteristic properties associated with different places of articulation (Blumstein & Stevens, 1979 , 1980 Stevens & Blumstein, 1978) . release transients might contain these properties in purer form than do natural release bursts.
In natural speech. the transients are probably not only of relatively low amplitude but are almost immediately overlaid by the frication generated at the constriction. so that especially the decaying part of the transient is masked completely. Typical stop consonant onset spectra derived from natural speech (Blumstein & Stevens. 1979 : Kewley-Port. 1983 show broad peaks that probably reflect this noise overlay. as well as spectral smearing due to dynamic change of formant frequencies. If dynamic change is minimized by choosing a shorter time window for conventional Fourier analysis (Kewley-Port. 1983 ). spectral resolution is sacrificed and the peaks remain broad. In fact. release burst spectra have rarely been characterized in terms of formant frequencies in the literature. but rather in terms of global spectral properties. However. formant peaks may be expected to be more sharply defined in the vocal tract impulse response. This makes the acoustic and perceptual properties of release transients theoretically interesting. If transients could somehow be isolated. they might provide excellent information about the state of the vocal tract immediately after the release. especially with regard to the extent of its preparation for the follOWing vowel (1.e.
• anticipatory coarticulation). Such information would be useful for acoustic and articulatory modeling of vocal tract dynamics. and the question about its potential perceptual value could be raised. regardless of whether the transient plays a prominent role in natural speech.
The purpose of the present study was to investigate these issues using stop consonant release transients that had been produced in isolatton. This was accomplished by a human talker producing a variety of CV syllables in a very quiet whisper. so that the frication and aspiration sources were attenuated to virtual silence and only the initial transient remained. The recorded transients were analyzed acoustically to describe the consonant and vowel information contained in them. and they were presented to listeners in isolation and in vocalic context to assess the perceptual usefulness of their acoustic structure. The isolated transients were assumed to be eqUivalent to those occurring in natural speech. though the latter may be weaker and masked by frication.
ACOUSTIC ANALYSES
Methods
Materials and Recording Procedures
The phonetic materials were a set of 27 CV syllables: the three voiceless unaspirated stop consonants fb.d.gf preceding the nine vowels fi.e.e.re.a.::>.o,u.s-j. The talker was the senior author. a native speaker of German from Vienna who has been virtually monolingual in English for the last 18 ye("rs but still speaks with an accent. It was not considered essential for this study that the vowels be prototypically American English. In fact. while the talker intended fi.e.re.a.::>.u.3'"/ to be American English in quality, he intended fe.of to be the German monophthongs of that name.
Each of the 27 syllables was whispered very qUietly ten times in succession (e.g.. fbibib1.../) without any frication or aspiration. so that only audible release transients were emitted. Thus the speaker's glottis was open. as in regular whisper. but the air flow was very low. just suffiCient to generate a certain minimal pressure behind the constriction. but not enough to cause audible noise follOWing the transient. Each series of transients was preceded by a fully phonated syllable of the same type. and the articulatory movements of the whispered syllables were intended to be identical to those of the precursor syllables. The transients were picked up by a Sennheiser microphone placed about 10 cm from the talker's mouth and slightly off to the right side. so as to avoid artifacts due to air puffs hitting the microphone. The recording took place in a sound-insulated booth. The tape recorder (Otari MX-5050) was located outside. The syllables including the vowel /'J/ were Originally omitted and recorded at a later date.
Because of the close placement of the microphone and the high recording level appropriate for the faint transients. the precursor syllables were distorted and not usable for acoustic analysis. To have some natural productions available for comparison. the author recorded the same syllables with natural phonation at a later occasion. A more distant microphone placement (about 30 cm away) and lower recording level were used. The series of 27 syllables was produced five times.
Acoustic Analysis Methods
From the ten recorded tokens of each transient. five from the middle of the series were selected for analysis. They, and the phonated CV syllables, were sampled at a rate of 10 kHz and stored in separate computer files. Using a waveform editor, silence preceding the onset of energy was deleted. and the duration of all transient files was set at 25.6 ms. which accommodated the signal in all cases. Amplitude measurements and spectral analyses were conducted using programs of ILS (Interactive Laboratory System. distributed by Signal Technology, Inc.) and software developed at Haskins Laboratories. To deSCribe the amplitude envelope of the transients, each file was subdivided into eight 3.2 IDS sections whose root-mean square (RMSJ amplitude was then calculated. For the purpose of spectral analysis, each transient file was divided into three overlapping 12.8 IDS sections whose Fourier spectra were calculated using a full Hamming window of the same width. (Other types of windows were tried and found to yield poorer spectral resolution: it seemed important not to give full weight to the abrupt initial spike.) The initial 25.6 ms of the phonated CV syllables were analyzed in a similar fashion.
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Results
Amplitude Envelopes
Isolated transients. Figure 1 shows oscillograms of one token of each of the 27 CV transients. The selected tokens for each consonant place of articulation were concatenated for this display. The figure illustrates the sharp onset and rapid decay of each signal. as well as the absence of voicing or significant frication. Most transients seem to have a slowly varying waveform component of about 40 Hz, whose origin 15 not clear. Vowel or consonant differences visible in this figure should not be interpreted, as the selected tokens may not be representative.
The amplitude envelope of each transient signal was quantized in terms of eight dB values. representing successive 3.2 IDS time frames. These data were submitted to a three-way analysis of variance, with the factors consonant (3 levels), vowel (9 levels), and time frame (8 levels), with tokens nested within the CV combinations as the random variable. From the initial analySiS it emerged that /-::>/ tokens, which had been recorded separately, were about 10 dB higher in absolute level than the other Signals: therefore, the analySiS was repeated after attenuating these signals by 10 dB. (This correction was also applied in Figure 1 .) All main effects and interactions in the analysis of variance were highly significant (p < .0001). Because it was thought that some of the interactions may have derived from a floor effect in late time frames (all Signals falling to a common dB baseline reflecting ambient noise), the analysis was repeated for the initial three time frames only. However, the results were qUite Similar. These statistical findings imply that there were reliable differences among consonants. vowels, and CV combinations with regard to overall amplitude as well as to their amplitude contour over time (1. e., the decay of the transient). .14 TIME(cs) •V·~,\ . -.
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\ .. Differences in overall amplitude must be regarded with caution because the transients were produced in a fixed sequence. so that talker fatigue or changes in the mouth-to-microphone distance could have had a systematic effect on relative signal amplitudes. Nevertheless. the differences follow a reasonable pattern. This pattern is shown in Figure 2 as a function of consonant and vowel. The intensity of labial release transients was. on the average. 3 dB lower than that of alveolar and velar transients. However. this difference derived almost entirely from rounded back vowel contexts
. where labials were as much as 10 dB lower. In the context of front vowels. labial transients were as intense as alveolar and velar ones. As to the effect of vowel context itself. average transient intensity decreased from front to back vowels (excluding IS-I). but there were large differences among consonants in the context of 10/. luI, and IS-I. In terms of overall amplitude. Ibs-I was at the low end of the Ib-I series while Ids-I and Igs-I were the strongest signals among the Id-I and Ig-I syllables. An unusually strong signal was also associated with Igo/.
The average transient amplitude envelopes for the three consonant places of articulation are shown in Figure 3 . As expected, all transients had their highest amplitude right at onset. The average amplitude decrease from the first to the last 3.2 ms time frame was 28 dB. The slope of the amplitude envelope Un dB) was almost linear except for a leveling off between time frames 4 and 5. The average signal thus decayed exponentially within about 25 ms; the step in the middle may have to do with the slowly varying waveform component (cf. Figure 1) . which crossed the zero line at about that point. Velar releases showed a somewhat steeper initial decay than did alveolars and labials, and (not shown in Figure 3 ) high vowels showed a steeper initial decay than low vowels. These interactions were rather small, and were statistically significant mainly because of the very small error variance.
Natural release bursts. Figure 4 shows the waveforms of the concatenated onsets (the initial 25.6 ms) of full CV syllables. The boundaries between the selected tokens are marked by vertical lines. Each onset includes the release burst and the onset of voicing, except for a few velar tokens whose bursts exceeded 25.6 ms in duration. Multiple release bursts were common for alveolars and velars in back vowel contexts, and were invariably present for velars in front vowel contexts. Only the latter bursts bear some resemblance in waveform to isolated transients (cf. Figure 1 ). but their amplitude is much higher. due to the higher air pressure in production. (This is not evident in comparlngFigures 1 and 4 because of the dllTerent recording levels.)
The amplitude data for the initial 25.6 ms of the full CV syllables were analyzed statistically in the same way as the transient data. In a first analysis, including all eight time frames, all effects were Significant at.p < .0001. In a second analysis. including· only the first three time frames, the vowel by time frame interaction was nonsignificant, and the vowel main effect was only marginally Significant (p =.026); all other effects remained highly Significant.
The corresponding data are plotted in Figures 5 and 6. The absolute amplitudes in Figures 5 and 6 should not be compared with those in Figures 2 and 3 , because of the different recording levels. Figure 5 shows release burst amplitudes averaged over the first three time frames only, so as not to include the beginning of voicing. (Even so. some labial tokens may have included the beginning of the first glottal pulse.) It is evident that labials had lower amplitudes than alveolars and velars (by 6 dB, on the average), although they did not differ much from alveolar bursts preceding front vowels. and from velar bursts preceding luI and IS-I. For front vowels, velar release bursts were more intense than alveolar ones; for back vowels. the situation was reversed. Figure 6 shows that the amplitude of labial release bursts decreased sharply over the initial two time frames, whereas that of alveolar and velar bursts decreased more gradually over the initial four or five time frames, probably due to the stronger fricative noise component and the presence of multiple bursts. Note that multiple bursts never occurred in the isolated transients; their initial amplitude decrease therefore was much steeper than that of CV syllable release bursts. except for labials (cf. Figure 3 ).
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2 4 6 8 TIME FRAME NO. Following these decreases, the amplitudes of the CV syllable onsets increased towards the vowel, most rapidly for labials and most slowly for velars. These differences, and the corresponding amplitude differences among the three places of articulation in time frames 5-8 reflect the different average voice onset times (VOTs) of the tokens. The VOT (the time from energy onset to the onset of the first detectable glottal pulse) of each token was measured in oscillograms. Average values were 10 ms for labials, 16 ms for alveolars, and 23 ms for velars. These values are in good agreement with the literature (e.g., Dorman et al., 1977; Ohde, 1984; Zlatin & Koenigsknecht, 1976) and with the amplitude envelopes plotted in Figure 6 . Spectral Properties Isolated transients. A display of transient spectra is provided in Figure 7 . Each spectrum represents the linear average (in dB) of the five token spectra obtained from the initial 12.8 ms using a full Hamming window over that interval. The five token spectra were highly similar. Although better spectral resolution could have been obtained by applying a 25.6-ms Hamming window to the complete transient, the shorter window was used for comparison with the CV release burst spectra, where exclusion of the onset of voicing was desirable.
What is most notable about these spectra is the clear definition (i.e., relatively narrow bandwidth) of formant peaks. All spectra have a fixed peak at the very low end of the frequency scale, which presumably reflects the unexplained, slowly-varying component in the waveforms (cf. Figure 1 ). All spectra also have a clear first formant (F 1) between 300 and 600 Hz, which probably indicates that the speaker's glottis was rather narrow. The F1 frequency varies inversely with vowel height, as it does in real vowels. Most spectra have a prominent second formant (F2), between 800 and 2000 Hz, whose frequency decreases with increasing vowel backness, as it should. There are also clear effects of consonant place of articulation on F2, which will be discussed below. Labials in back vowel contexts (lower left-hand panels in Figure 7 ) exhibit a very weak F2, and for velars in high front vowel contexts (upper right-hand panels) F2 appears to be entirely absent (or else abnormally high and merged with F3). The pattern of the third formant (F3), ranging from 1700 to 3000 Hz, is more complicated because it differs for front and back vowels. In front vowel contexts, F3 increases with vowel height for all three places of consonant articulation; in alveolars, F3 seems to merge with F4 into a single peak. In back vowel contexts, F3 is relatively fixed for all three consonant places of articulation, but it disappears for labials in high back vowel contexts. In front vowel contexts, labials have lower F3 frequencies than alveolars and velars, whereas in back vowel contexts alveolars exhibit a lower F3 than do labials and velars. A relatively constant fourth formant (F4) is visible in all spectra, except for labials in high back vowel contexts. Its frequency is much lower in alveolars (around 2800 Hz) than in labials and velars (3200-3500 Hz). A relatively invariant fifth formant (Fs) can also be found in most spectra, except for labials in high back vowel contexts and for velars in front vowel contexts. Its frequency is again lower for alveolars (around 3800 Hz) than for labials and velars (around 4000 Hz). Alveolars in back vowel contexts show an additional peak between F4 and Fs, at about 3200 Hz. To clarifY the pattern of the lower spectral peaks, the average frequencies of F1 and F2
for the 27 consonant-vowel combinations are plotted in Figure 8 . Figure 7 ) as a function of consonant.
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with the allophonic change in place of occlusion between front and back vowel contexts. Velars preceding low back vowels resemble labials in these contexts. but. (Fant. 1973) . appeared to be absent in these spectra (see F,igure 7). It is evident that most syllables can be distinguished by their Fl and F2 frequencies alone. Those syllables that are very similar in their Fl and F2 frequencies can be distinguished by higher-frequency spectral properties. as a glance back at Figure 7 will confinn. Thus. Ibi! and Idil transients differ in the amplitude ratio of F2/F3 and F2/F4. with the alveolar spectrum having stronger high-frequency components. and labials differ from velars in high back vowel contexts in that they lack higher formants.
The F2 variation among alveolar transients as a function of vocaliC context is larger than the variation of F2 onset frequencies following stop releases reported in the literature (Fant, 1973 : Kewley-Port, 1982 : Stevens, House. & Paul. 1966 ). This may imply that a rapid change in F2 occurs between the transient and the onset of voicing in natural utterances. Another possibility is that it reflects articulatory adjustments made by the present speaker in order to produce audible isolated transients without accompanying frication. which was more difficult to achieve for alveolars than for labials and velars.
To show the influence of vocalic context more clearly. Figure 9 replots the same data as Figure 8 . but with connected points representing the same vowel context. The resulting small triangles outline the large vowel triangle in FI-F 2 space. There is great Variability in the shapes of the small triangles. signifying that the relationship among the three places of consonant articulation is not constant but varies from vowel to vowel. A comparison of the average transient formant frequencies for each vowel context (excluding the "German" vowels lei and 10/) with the Fl and F2 frequency norms for full vowels produced by male speakers of American English (Peterson & Barney. 1952) is instructive. assuming that the present speaker's vocal tract size did not deviate very much from the average. In most cases. the transient F 1 frequencies are lower than those of full vowels. obviously because the vocal tract was less open at consonant release. It is well known that vowels following stop consonant releases have a rising F 1 transition. due to the progressive opening of the vocal tract. except for very high vowels. Indeed. it is surprising that so much variation in Fl was obtained in transients with such constricted articulations. The Fl frequencies of Iii and lui.
however. are higher than those of full vowels: this may indicate that the very high tongue position for these vowels was not fully established at release. The F2 frequencies are generally in the same range as those of full vowels. except for 1:>1. which is a little too high. and for 101. which is much too high. This latter difference may represent an influence of the talker's native German.
Another question of interest is to what extent the formant frequencies changed while the transient decayed. The opening gesture is very rapid, and some information about the changing vocal tract resonances may have been available in the very brief signal. Figure 10 replots the data once more in the FI-F2 plane. but now with two additional data points of diminishing size connected to the large symbol representing each transient's onset frequencies. These two additional data points derive from two additional 12.8 ms Hamming windows overlapping by 6.4 ms. It is evident that in nearly all instances there were increases in Fl frequency in the course of the transient, Natural release bursts. The average 12.8-ms onset spectra of the 27 full CV syllables are shown in Figure 11 . Comparison with the transient spectra in Figure 7 reveals a number of differences. as well as some similarities. The most striking difference is the general absence of clearly defined formants in the CV onset spectra. The peaks that do appear in the spectra are typically low and broad. The first formant is generally absent. and so is the fixed low-frequency artifact found in the transients. although labial CV release bursts do show an energy concentration in the low frequencies. The absence of a clear Fl reflects the relative predominance of frication noise and the relatively open glottis at CV release. Careful comparison of corresponding spectra in Figures 7 and 11 reveals that the higher formants are usually present at similar frequencies in the CV onset spectra. but only in very weak form. Similarities between the two sets of spectra are evident in the global properties of the spectra-their slope and general energy distribution-especially for labials and velars. Alveolars in back vowel contexts. however. show a high-frequency predominance in CV release bursts. presumably due to frication. that is not present in the transients.
Because the formants were so poorly defined in the CV release burst spectra. it proved very difficult to obtain reliable estimates of formant frequencies that could be compared to those of the transients. Nevertheless. peaks corresponding to F2can often be detected in the average spectra ( Figure 11 ). and they show a pattern similar to that of the F2 peaks in isolated transients (Figure 7) , except for an apparently greater constancy of F2 in alveolars. which is in agreement with F2 measurements at voicing onset (Fant. ·1973; Kewley-Port. 1982; Stevens et al.. 1966) . These F2 resonances may derive from the initial transient in natural speech. although they may also have been excited by the frication generated at a widening constriction (Soli. 1981) .
As a measure of global spectral similarity. we computed the linear correlations between corresponding transient and CV onset spectra. each represented as 256 dB values across the frequency range. These correlations are shown in Table 1 . For each pair of spectra. a second correlation was computed after omitting the low-frequency region of the spectrum [below 1000 Hz for front vowels and 101. below 700 Hz for other vowels), so as to exclude Fl and the artifactuallow-frequency peaks. It can be seen that the highest correlations for all three consonants were obtained in Iii context. Lower but still positive correlations were obtained in other front vowel contexts. In back vowel contexts. however. only labials (whole spectrum) and velars showed substantial correlations; for alveolars. and for labials after exclusion of the low-frequency region. there was little similarity between the transient and CV onset spectra in back vowel contexts. This confirms the impression gained from the informal visual comparison of FREQUENCY (kHz) Figure 11 . Average CV syllable release burst onset spectra, based on a full Hamming window over the first 12.8 ms and averaged over tokens. All spectra are amplitude-normalized and include high-frequency preemphasis. Each horizontal division corresponds to 5 dB.
Discussion
It is not easy to locate displays of release burst spectra in the literature that can be compared directly to Figure 11 . Stevens and Blumstein (1978; Blumstein & Stevens, 1979) , for example, show selected CV onset spectra obtained from a window twice as wide as the present one, so that the onset of voicing was usually included. (They also used a half-Hamming window and LPC analysis, with resulting smoothing of the spectrum.) Their spectra often show clearly defined fonnant peaks, including Fl' which presumably derive from the voiced portion of the Signal. Nevertheless, their characterization of the global spectral shapes as diffuse-falling (or flat) for labials, diffuse-riSing for alveolars, and compact for velars, is generally supported by the present data for CV release bursts. The absence of clear fonnant peaks in most of the present spectra is probably due to the predominance of the fricative component in the release bursts.
The transient spectra (Figure 7 ) confonn much less well to Stevens and Blumstein's classifications, due to their pronounced fonnant structure. There is nothing diffuse about the alveolar spectra, for example, and in back vowel contexts they are falling rather than rising. This confinns the conjecture that the natural release burst spectrum is dominated by the frication generated at the constriction, especially for alveolars. For labials and velars, especially in front vowel contexts, the transient seems to exert a greater influence on the release burst spectrum, probably due both to its greater strength when the front c,avity is small (cf. Figure 2) and to the weaker frication associated with velar and especially labial places of articulation. In that connection it is of interest that both Repp (1986) and Maeda (1987) noted the natural occurrence of release transients without accompanying fricative noise and without cessation of voicing in utterances of Imi/ and lni/. Experiments with edited nasal consonant-vowel stimuli also confinned the perceptual importance of these transients (Repp, 1986) . Maeda (1987) pointed out that the high tongue position and spread lips for high front vowels tend to increase the contact area of the articulators, which in turn results in a stronger release transient. He also discussed other articulatory parameters that are likely to influence the relative strengths of release transient and fricative noise: the velocity of the opening gesture, the width of the glottal opening, and the subglottal air pressure.
Clearly, the transient spectra reflected not only the consonant place of articulation but also the vocalic context. Because the talker tried to produce each transient with the same articulatory pOSition as that of the corresponding natural CV syllable, the finding indicates that coarticulatory effects are pronounced already at the moment of the release. The fonnant peaks are probably continuous with those observed at the onset of voicing in natural CV syllables. Unfortunately, we were unable to obtain reliable fonnant onset frequencies for many of our CV syllables even at voicing onset. However, Fant (1973) prOVides a table of fonnant values (not including Fl) "at instant of release" for'/b,d,gl in various Swedish vowel contexts. The F2 values reported there are quite compatible with those observed in the present transients, except for I gil and I gel, in which Fant did find an F2 separate from F3 around 2000 Hz. The fonnant frequencies we did manage to extract from our own CV tokens tend to confinn the conclusion that the initial acoustic snapshot of the vocal tract offered by the transient is continuous with the later manifestation of vocal tract resonance frequencies at voicing onset.
PERCEPTUAL EXPERIMENT 1
The very clear definition of the vocal tract resonances in the spectra of isolated release transients suggests that these brief signals should be perceptually infonnative, perhaps even more so than the spectrally more diffuse, natural release bursts. On the other hand, they do not sound very speechlike, so that a listener asked to identify consonants and/or vowels from them would have to employ a process of inference. This is equally true. however, of natural release bursts presented in isolation (cf. Schatz's. 1954, conunents) . Of particular interest from a perceptual viewpoint is the fact that consonant and vowel information are physically merged in these brief, almost static signals. That is, the auditory percept corresponding to a transient has a single timbre; any disentanglement of "consonantal" and "vocalic" qualities would have to be a cognitive act on the part of the listener.
In the first perceptual experiment, we tested subjects' ability to identify either the consonant or the vowel from isolated transients. Because of the unwieldy number of 27 response alternatives. a CV syllable identification condition was not included. However, to examine whether listeners could cognitively separate consonant from vowel information, identification of each segment was tested in two conditions: with the other segment known (fixed) or unknown (randomly varying). If such a cognitive separation were possible, then identification accuracy should be higher in the fixed than in the random conditions.
Methods
Subjeds
Eight paid volunteers, five women and three men, served as subjects. They were recruited by notices on Yale campus; most of them were college students. They were all native speakers of American English and reported having normal hearing. Tapes 5 and 6 each contained three blocks of 135 stimuli. Each block contained the five tokens of all 27 CV combinations in random order. The ISIs were 2.5 s on tape 5 (consonant identification) and 4 s on tape 6 (vowel identification).
Each subject listened to four tapes (l or 2, 3 or 4, 5 and 6) and thus gave 15 responses to each consonant in each vowel context, and to each vowel in each consonant context. in both the fixed and random conditions. Each subject had a different schedule: Half did consonant before vowel identification (on separate days), while half did the opposite; half received one order in the fixed conditions, while half received the other. For all subjects, the random conditions followed the fixed conditions, to counteract any confounding of practice effects with the hypotheSized advantage in the fixed conditions.
Procedure
The subjects were tested individually in a quiet room. and the stimuli were played back from a high-quality tape recorder to TDH-39 earphones at a comfortable intensity. Each subject received written instructions that explained in detail how the stimuli had been generated. A complete set of printed answer sheets was provided. Each line listed all the response alternatives. and the subjects entered their response by circling one alternative. To make the vowel sounds unambiguous, the follOWing spelling was employed on the answer sheets: -EDE. -ADE, -ED. -AD, -URD, -OD, -AWD. -ODE, -ODE. The instructions mentioned that the final D was not pronounced. The alternatives just listed were used in the vowel identification condition with randomly varying consonants (tape 6). When the consonant was fixed (tapes 3 and 4). the dashes were replaced by the consonant symbol appropriate for each block. In the consonant identification task with vowels varying randomly (tape 5), the alternatives were B-. D-. G-: when vowels were fixed (tapes 1 and 2). the dashes were replaced with the vowel spelling appropriate for each block. At the beginning of the first session. one 135-item block of stimuli from tape 5 was presented to familiariZe the subject with the sound of the stimuli: no responses were required at that stage.
Results and Discussion
Consonant Identification
Overall performance was 51% correct. which is clearly above chance (33% ) but not very impressive. Individual subjects differed substantially in their accuracy. however. The best subject achieved 71% correct. the worst 27% correct (although he was not guessing randomly). A three-way repeated-measures analysis of variance with the factors condition. consonant, and vowel revealed a marginally significant difference between the fixed and random conditions. ptl.7) =6.88. P =.0343: When the vowel was fixed. performance was about 3% higher. on the average. than when the vowel varied randomly: six of the eight subjects showed a difference in this direction. The vowel main effect was not significant. but its interaction with condition was highly Significant. pt8.56) = 5.59. P < .000l. This interaction is shown in Figure 12 . It is evident that holding the vowel constant led to a large improvement in consonant identification for the front vowel series /i.e.e.re/. but to a decrement for the back vowel Figure 13 breaks the results down further by individual consonants. Here it can be seen that alveolar consonant identification improved across the board when the vowel was fixed. although more so in front vowel contexts. whereas labial and velar consonant identification improved in front vowel contexts but was impaired in back vowel contexts. Especially striking is the large decrement in scores for /boj and /bu/. which received mostly D-responses when the vowel was fixed. In the statistical analysis. the only significant effect involving consonants was the consonant by vowel interaction F(16.112) =2.01. P =.0182. a small effect. The complete confusion matrices are presented in Table 2 .
TABLE 2
Consonant confusion matrices in two experimental conditions and nine vowel contexts (response percentages).
Stimulus
Response At least part of the response pattern can probably be explained by the physical merging of consonant and vowel information. By virtue of their articulatory and spectral properties. certain vowels have affinities with certain consonants. Thus. the rounded back vowels lui and 101 are most similar to labial stops. while high front vowels such as Iii and lei are most similar to alveolar stops. When the vowel context is not known. response biases towards alveolars in front vowel contexts and towards labials in rounded back vowel contexts may be expected. When the vowel is known. however. listeners presumably would distribute their responses more evenly among the three consonantal alternatives. The data ( Figure 13) are not totally incongruent with these expectations. but they do not fit them very well. espeCially as far as alveolar responses are concerned. The pattern of confusions. too. does not show any very convincing trends ( Table 2) . Part of the reason for this lies in the large individual differences among the subjects. Several subjects did show a marked decrease in alveolar responses and an increase in labial and velar responses from front to back vowels. especially in the variable vowel condition. Other subjects. however. showed the opposite. The strangest pattern was exhibited by the subject with the lowest overall score. who systematically misidentified many of the stimuli. For example. he responded consistently with G-to Ibol and Idol. and with D-to Igal. It seems that he was able to distinguish the timbres of the stimuli well. but drew wrong inferences about the phonetic categories associated with them.
Vowel Identification
ConSidering as correct responses only those that corresponded most closely to the stimuli. overall accuracy was 28% correct-not an impressive score. but clearly above chance (11% correct). Again. there were large indiVidual differences. with scores ranging from 14% to 41% correct. There was a positive correlation of 0.79 (p < .01) between the consonant and vowel identification scores across subjects.
Vowel identification was actually better than suggested by these low scores. since confusions occurred mostly with adjacent response alternatives (see the confusion matrices in Tables 3 and 4) . If the responses are scored so that "adjacent" confusions are conSidered correct responses. then the average score increases to 61% correct (chance = 33%). By that criterion. the transients actually contained more reliable vowel than consonant information.
Further analyses were conducted on correct responses under the narrower definition, because some of the response patterns of interest concerned shifts between adjacent alternatives. A three-way repeated-measures analysis of variance yielded three Significant effects. First. there was a main effect of vowel, Fl8.56) = 5.61. P < .0001: The highest scores were obtained for Iii (54% correct) and lei (45% correct). the lowestperhaps not surprisingly-for lei. 10/. and 10/. which were the talker's "German" vowels. In the case of lei and 101. a bias against the diphthongal responses. -ADE and -ODE. also may have played a role. The second significant effect was the condition by vowel iriteraction. Ft8.56) =3.10. P =.0058: Although vowel identification was not Significantly more accurate overall when the consonant was known. some vowels (such Iii. lei. and I:J/) did benefit. while others (10/. lu/) suffered. This may have been due mainly to a more even distribution of responses among the nine alternatives in the variable consonant condition. The third. and most interesting, effect was the consonant by vowel interaction. Fl16.112) = 5.41. P < .0001: Because consonant and vowel jointly affected the transient spectrum. listeners apparently could not avoid interpreting the effects of consonant place of articulation as changes in vowel color.
The pattern of scores corresponding to thiS last interaction is graphed in Figure 14 . It is evident that identification of some vowels (lei. lsi. 101) was unaffected by the nature of the consonant. while that of others was strongly affected. These effects can be interpreted with reference to the acoustic data plotted in Figure 9 , and to the complete confusion matrices shown in Tables 3 and 4 . Thus. identification of Iii was enhanced in Igi/. obviously due to the high second peak (really. F3) in the spectrum. There was a fourth. marginally significant effect in the analysis of variance. the triple interaction among condition. consonant. and vowel, F{16.112) = 1.80. P = .0393. which suggests some changes in response distributions across conditions. On the whole. however. there was no evidence that knowledge of the consonant enabled the listeners to "factor out" the consonantal influences and recover the vowel information in purer form.
PERCEPTUAL EXPERIMENT 2
Experiment 1 showed that. even though isolated release transients contain precise information about vocal tract resonances. listeners are not particularly good at interpreting this information in terms of either consonant place of articulation or vowel configuration. Also. they do not seem to be able to separate consonant and vowel information cognitively. given that this information is coded by the same physical parameters. The purpose of Experiment 2 was to selectively enhance either the consonantal or the vocalic aspect of the transient. to see whether this physical manipulation improves listeners' utilization of vocal tract resonance information in identification of phonetic segments.
The first part of the experiment was merely a demonstration and was not actually run with a group of subjects. This part concerned the physical enhancement of the vocalic aspect. which was achieved by iterating each release transient 10 times. This resulted in vowel-like. steady-state signals with a fundamental frequency of approximately 40 Hz (due to the 25.6 ms duration of each transient "period"). These vowels had a rather strange voice quality. but their timbre was clearly that expected from the formant frequencies observed in the transient. The stimuli were not actually presented to subjects because they seemed too difficult to identify in tenns of conventional vowel categories. It will be recalled (cf. Figure 9 ) that Fl was relatively low in all low vowels, because of the narrow opening dUring transient production. All of those vowels, therefore, had a more or less neutral quality and were difficult to associate with phonetic symbols. Moreover, since the stimuli were steady-state vocoids, listeners would not have had the opportunity to think of them as onsets that were "going somewhere," as with the isolated transients of Experiment 1.
The second part of the experiment concerned the enhancement of the consonantal aspect in the release transients. This was achieved by following each transient with a steady-state vowel corresponding to its intended vocalic context. The transient thus assumed the status of a consonantal cue, and additional information about the spectral change between consonantal release and vocalic steady state became available to listeners' perceptual systems. The question was how effective a cue the transient would be, given that other components of natural stop consonant releases (frication, aspiration, and vocalic formant transitions) were lacking. In addition, because the relative amplitude of stop consonant release bursts has been shown to be a secondary cue to place of articulation (Ohde & Stevens, 1983; Repp, 1984) , this parameter was also given attention.
Method Subjects
Eleven subjects participated: eight paid volunteers recruited from the Yale community and three unpaid graduate students doing research at Haskins Laboratories. All were native speakers of English and reported having normal hearing.
Stimuli
Each transient was immediately followed by a steady-state synthetic vowel; that is, the "voice onset time" was 25.6 ms. Because, at the time of this experiment, the full CV syllables (see above) had not yet been recorded and analyzed, estimates of the formant frequenCies for the nine vowels were obtained as follows. Those for li,e,e,rel were taken from a study by Repp and Williams (1987) , in which the first author (BHR) had produced these vowels in isolation. The formant frequenCies of li,e,rel were compared to those reported by Peterson and Barney (1952) , and the average percentage deviation was computed for each formant, as a correction for BHR's (apparently somewhat larger) vocal tract size relative to the average American male. These percentage factors were then applied to the Peterson and Barney data for la,~,u:jf to yield estimates of BHR's productions of these vowels. Finally, the non-English vowel 101 was synthesized using formant frequencies extracted from an actual vowel produced by BHR for this purpose. All resulting nine vowels sounded like the intended vowels to BHR Their formant frequenCies are listed in Table 5 .
Each of the vowels was completely steady-state and of constant amplitude, except for the last 70 ms, over which the amplitude was made to fall linearly by 20 dB. The total duration was 250 ms, and the fundamental frequency fell linearly from 100 to 80 Hz. The serial configuration of the Klatt (1980) synthesizer was used to generate the waveforms, which were appended to the transients by a stimulus sequencing program dUring recording of the test tapes.
Even though pilot observations suggested that the relative amplitudes of transient and vowel did not matter much, we nevertheless decided to vary this parameter. Keeping the transient amplitudes constant, we presented the vowels not only at their Original amplitudes, but also 10 and 20 dB below. The amplitude adjustment was made in the syntheSiS parameters (i.e., in the amplitude of the simulated glottal source). Because the synthesizer emulates the human vocal tract, low vowels had higher amplitudes than high vowels, as indicated in the last column of Table 5 . Although these dB values have an arbitrary reference. they are directly comparable to the RMS amplitude values for the transients. shown in Figures 2 and 3 . In terms of average peak (onset) amplitude. the transients were roughly 7 dB below. 3 dB above. and 13 dB above the vowel. respectively. in the three relative amplitude conditions. In terms of average amplitude. they were at least 15 dB below these values. The precise amplitude relationship varied from token to token as a function of random variability. consonant place of articulation. and vocaliC context: these relationships (except for the token variability) can be puzzled out from Figure 2 in conjunction with Table 5 . if necessary. The experimental tape contained a total of 3 (consonants) X 9 (vowels) X 5 (tokens) X 3 (vowel amplitudes) =405 stimuli. arranged randomly in 9 blocks of 45. with ISIs of 2.5s.
Procedure
The procedure was similar to that of Experiment 1. but the subjects were simply asked to write down B. D. or G for each stimulus heard. Pilot observations suggested that a "no consonant" category was not necessary. even though the consonant heard was sometimes ambigUOUS.
Results and Discussion
Overall accuracy in thiS experiment was 66.4% correct-not as high as expected. but better than the 52.4% correct obtained in the fixed-vowel condition of Experiment 1. where the vocalic context was known but physically absent. The improvement was significant in an ANOVA comparing the two experiments. F(1.17) = 6.84. P =.0181.
Individual subjects varied considerably in their accuracy. from 47.6% to 83.5% correct. (Author BRR, who liStened to the tape as a pilot subject. averaged 83.5% correct for these stimuli derived from his own productions. compared to 62% correct for the isolated transients in Experiment 1: thus he did no better than the best regular subject.)
The relative amplitudes of transient and vowel had no overall effect on identification accuracy: Scores were 65.7.66.8. and 66.8% correct. respectively. in the three amplitude conditions. The error pattern did seem to change somewhat. however. across these conditions. since there was a significant triple interaction between consonant. vowel, and vowel amplitude in the statistical analysis. F(32.320) = 1.86. P =.0041. In that analysis. there was also a significant main effect of consonant. F(2.20) =8.84. P =.0018. due to highest average scores for labials and lowest scores for alveolars. and a highly significant consonant by vowel interaction. F( 16.160) = 17.29. P < .0001. The vowel main effect was not significant. Thus. while overall consonant intelligibility did not vary significantly across vowels. the intelligibility of individual consonants was highly vowel-dependent. Moreover. the nature of that dependency was not the same as for isolated transients. because it interacted strongly with the between-group factor in the statistical comparison of Experiments 1 (fixed-vowel condition) and 2. F(16.272) = 9.39. P < .0001. Consonant and vowel main effects also interacted with the betweengroup factor. suggesting that the results followed different patterns in the two experiments. For most other contexts, however, addition of the synthetic vowel decreased identification scores. The likely explanation here is the absence of the frication component in the release bursts, which is probably strongest and perceptually most salient for alveolar consonants. Velar consonant scores were almost complementary to the alveolar ones: Identification was good and improved substantially over isolated transients in all back vowel contexts, but scores were very low and much poorer than for isolated transients in front vowel contexts (Ii!, lell, where they were invariably misidentified as I dl . The poor identifiability of velar stops preceding high front vowels has been repeatedly commented on in the literature (e.g., Blumstein & Stevens, 1980 : Dorman et al., 1977 : Uberman et al., 1952 , and even natural utterances of Igi/ are often misidentified (Dorman et al., 1977) . The complete confusion matrix is shown in Table 6 , averaged over the three attenuation conditions. These results may be compared directly With those of Dorman et al. (1977) who, in one of their several experimental conditions. prefixed nine different vowels (naturally produced VC syllables) With natural release bursts of unaspirated stops excerpted from CVC syllables containing the same vowels. The pattern of their results (for the better of two talkers) is quite similar to the present one: Labial bursts were moderately effective before all vowels, most so before le,ul, and least so before li,:>/. Alveolar bursts were effective before high front vowels and possibly Ig-I, but not elsewhere. Velar bursts were most effective before high back vowels. Average performance levels were also comparable. Thus it appears that the present isolated transients conveyed about as much information as do excerpted natural release bursts.
GENERAL DISCUSSION
Our acoustic analyses have shown that isolated transients contain information about both the consonant and the vowel of CV syllables, and that this infonnation is contained in a very distinct formant structure. The perceptual experiments demonstrated that listeners can utiliZe this information to some extent: Both consonant and vowel identification from isolated transients were clearly better than chance. However, the isolated transients were not sufficient for unambiguous identification of either segment. Among the reasons for this must have been the brevity of the stimuli, their nonspeech timbres, the absence of other cues present in natural speech, and the merging of consonant and vowel information due to coproduction.
Even when listeners knew the vocalic context. they were not really able to separate the consonantal (place of articulation) information from the vocalic influences. although there was a slight improvement. Conversely, knOwing the consonant did not help vowel identification at all. When an explicit vocalic context was prOVided. consonant identification improved but was still far from perfect. The improvement probably reflected the availability to perception of the spectral relationship between the transient and the vowel, which listeners could not simply infer by imagining the vowel. Nevertheless, it must be concluded that transients alone are not sufficient to reliably cue perception of stop consonant place of articulation. Additional cues that are normally present in natural speech were missing, most notably the frication immediately folloWing the release and the formant transitions in the vowel: the transitions especially not only provide additional cues but also make the release burst cohere better With the following periodic signal. Because of the similarity of the present results to those obtained by Donnan et al. (1977) With natural release bursts preceding steady-state vowels. it seems that the absence of vocaliC formant transitions was the primary factor depressing subjects' identification scores. Nevertheless. the fact that similar identification accuracy was achieved with transients containing a clear formant structure and with natural release bursts dominated by spectrally diffuse frication suggests that there "is a perceptual tradeoff between precise information about vocal tract resonances and more global information about the nature and location of the fricative noise source. In other words. both kinds of information contribute to consonant identification and one can substitute for the other. but neither is sufficient. Because the frication seems to be largely responsible for generating the invariant spectral shapes described by Blumstein and Stevens (1979) . it also seems that these shapes are neither necessary nor sufficient for place of articulation identification. not even when they are combined with a follOWing vowel. Apparently. only the simultaneous presence of all major cues enables listeners to arrive at unambiguous percepts. A very similar point was made recently by Lisker (1987) with regard to voicing perception.
An interesting secondary finding is the absence of any effect of the amplitude relationship between transient and vowel. Since such amplitude effects have been demonstrated with both synthetic (Ohde & Stevens. 1983 ) and natural release bursts (Repp. 1984) , the results imply that it is the relative amplitude of the fricative component. not of the transient. that causes the effect. The information conveyed by the transient appears to be purely qualitative.
The present results leave open the possibility that perception of stop consonant place of articulation will improve when the initial transient of natural release bursts is artificially enhanced. This may be tested in future experiments using synthetic speech or high-resolution spectral analysis and waveform manipulation. It seems unlikely. however. since the signals giving rise to the most accurate perception are usually those most similar to natural speech. If transients are naturally weak. this is probably what listeners expect to hear.
